Abstract -This paper deals with the design process for an outer-rotor-type surface-mounted permanent magnet synchronous motor (SPMSM) used in continuous variable valve timing (CVVT) systems in automobiles with internal combustion engines. When the same size, outer-rotor-type SPMSMs generate larger torque and more stable than inner-rotor-type SPMSMs. For the initial design, space harmonic analysis (SHA) is used. In order to minimize the cogging torque, an optimization was conducted using Response Surface Methodology (RSM). At the end of the paper, Finite Element Analysis (FEA) is performed to verify the performance of the optimum model.
Introduction
Eco-friendliness has become a significant issue in the automotive industry. Over 90% of air pollution is the result of vehicle emissions in large cities. The European Union (EU) has strict exhaust emissions laws to protect the environment. In addition, the Corporate Average Fuel Economy (CAFE) in the United States regulates the average fuel mileage for automobile makers through emission policies. Therefore, automobile companies are developing new technologies to meet these environmental regulations. Vehicle engine electrification is one of those strategies.
Two types of engine electrification are currently underway. The first type changes the entire engine from an internal combustion engine to an electric motor for HEVs or EVs. The second type replaces some mechanical components with electric components in the internal combustion engine. In the second case, the sensor, ECU, and actuator are core parts. This paper focus on the actuator, specifically in electric motors, for engine valves.
Valves in an internal combustion engine control the flow of intake and exhaust gases. The timing of the valves lifting and duration largely influences the performance of the engine. In the case of existing mechanical control, valves depend on the quantity of airflow and a fixed compressed ratio. Ignition timing in a chamber is the same as compression process timing. However, the optimum ignition timing of the engine changes continuously owing to the quantity of oxygen, air/fuel ratio, compressed ratio, driving conditions, and so on. Therefore, the valve-timing system of the vehicle is inaccurate. As a result, the engine performs inefficiently, and increasing CO2 and NOx (nitrogen oxide) emission problems occur [1] .
By contrast, Continuous Variable Valve Timing (CVVT) continuously controls the timing of the opening and closing of an engine chamber's valves by using an electric motor. In other words, CVVT can control the optimum operating timing of a valve according to engine speed and driving conditions. Therefore, a proper electric motor is essential for stable CVVT operation. Usually an outer-rotor-type SPMSM is used as a CVVT system because it creates higher torque than an inner-rotor type at the same size and is more stable for magnet scattering.
In this paper, an outer-rotor-type SPMSM for CVVT is designed. The Space Harmonic Analysis (SHA) method is used to create the initial design. Initial design points are set by conducting a tendency analysis of phase back EMF, THD, and the cogging torque through SHA. An optimum design method is used to minimize the cogging torque of the initial model. Response Surface Methodology (RSM) with two design variables is conducted. After optimizing, phase back EMF, THD, and cogging torque are calculated by Finite Element Analysis (FEA) to verify the optimum model. An outer-rotor-type SPMSM has several merits. First, at the same size, an outer-rotor-type SPMSM generates more torque than an inner-type SPMSM because of the former's longer rotor diameter. Second, a Permanent Magnet (PM) is attached to the inner yoke of the rotor. This means PM scattering is prevented. Third, the housing of the outerrotor-type SPMSM can be directly used as a gear. Therefore, the engine does not need additional gearboxes, so the outer-rotor-type SPMSM is good for space application side. Specifications for the outer-rotor-type SPMSM are listed in Table 1 .
To design outer-rotor-type SPMSM for CVVT, an adequate phase back EMF and minimum cogging torque are required. The initial model design will be achieved by using a numerical analysis method called Space Harmonic Analysis.
Space Harmonic Analysis
To use the Space Harmonic Analysis method, the magnetic flux density is needed. Magnetic flux density in an air gap is calculated by combining two magnetic fields that are created by PMs and an armature current, respectively. The following assumptions are needed to use SHA:
(a) The permeability of the magnetic core is infinite. (b) The saturation effect is not considered.
(c) The end effect and eddy current are neglected.
(d) Linear demagnetization characteristics are used. Fig. 1 (a) shows the magnetic field owing to the PMs. It is divided into four regions. In Fig. 1 (b) , the PMs are represented by the Equivalent Magnetizing Current (EMC). Governing equations for each region are as follows [2] : (2) where A is the z-axis component of the magnetic vector potential, and J pm is the current density of the PMs. The EMC distribution of the PMs is J p (x), which is expressed as a Fourier series:
where,
where δ indicates an arbitrary value that approaches zero, and magnetization M represents J pm , the current density of the PMs [3] . The boundary conditions are applied to each material region to calculate the tangential and normal components of the magnetic flux density induced by the PMs. The governing equation given in (2) can be solved as follows:
Fig . 2 shows the magnetic field due owing to an armature current with unexcited PMs. The governing equation for region II is as follows:
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After all calculations are completed, the resultant magnetic field is calculated by using a superposed magnetic field generated by the PMs and the armature current.
Parameter Analysis
The Space Harmonic Analysis method is used to analyze the design parameters of the outer-rotor-type SPMSM. The specifications for the motor are listed in Table 1 . The tendencies of the Phase Back_EMF, THD, and Cogging torque are analyzed according to changes in the pole angle. Fig. 3 shows the tendencies of these characteristics. Point * is selected from the design points of the initial model through a tendency analysis because Point * has enough Phase Back_EMF and a relatively small THD and Cogging torque. Fig. 4 shows the designed initial configuration of the SPMSM. After modeling, FEA is used to verifying verify the characteristics. Table 2 shows the characteristic values of the initial model. Following the results, the value of the cogging torque is 0.16 Nm. This motor, for the CVVT, which operates at low speed and low torque, should have a small cogging torque for effective performance. Therefore, the cogging torque of the initial model must be reduced.
Optimum Design

Response Surface Methodology (RSM)
In this paper, the RSM, which is an optimum design method, is used [4] . RSM is a method of statistical analysis based on the values obtained in an experiment or simulation results of a reaction. RSM is used when k design variables affecting compositely to objective function η.
In equation (14), the actual reaction function F is very complex to ascertain mathematically. Therefore a multiple regression model, which is assumed to react function, is used since it is a more practical and simple model for design variables. In this paper, Y, which is the approximate function for F, represents the second-order polynomial model based on a Taylor series. In general, the response model can be written as
where β represents the regression coefficients for the design variables, and ε is a random error that is treated as a statistical error. The observation response vector Y through n data points may be written using matrix notation as
The least square method is used to estimate unknown vector β. The least square function L is
The estimated vector b through the least square method can be written as (18), and the fitted response vector Y is represented as follows (19):
In this paper, RSM is applied to create appropriate response models of the cogging torque. Central composite design (CCD) is employed as the experimental design method to estimate the fitted model of each response [5] . CCD consists of three parts: complete 2k factorial design points, axial points and center point There are a total of nine points in the relationship between the design variables, and the output is considered as k = 2.
Optimum Model Design
The slot opening and eccentricity are chosen as the design variables for RSM because these values affect the cogging torque. Fig. 5 shows these two variables. Table 3 lists a range of RSM variables. For the range of the slot opening, the minimum value is twice the coil diameter (0.85 × 2 = 1.7 mm), and the maximum value is that of the initial model (4.5 mm) . In the range of eccentricity, the minimum value is 1 mm, and the maximum value is 11 mm. This is a limiting value in manufacturing. Through an analysis of the objective function, the optimum design values of the variables are determined. For the phase back EMF, both the slot opening and eccentricity are smaller, and the value of the phase back EMF is larger. On the other hand, the cogging torque decreases when the slot opening is smaller and the eccentricity is larger. The results of RSM contour plots are displayed in Fig. 6. 
Optimum Design Result
As a result, a design area that has enough phase back EMF and a small cogging torque is selected. The results show that the optimum value of the slot opening and eccentricity are 1.7 mm and 11 mm, respectively. The slot opening and eccentricity of the initial model are 4.5 mm and 0 mm, respectively. The comparison between the initial model and optimum model is shown in Fig. 7 .
FEA is used to verify the characteristics of the optimum design model. Fig. 8 and Table 4 Table 4 Result data In this paper, an outer-rotor-type SPMSM for a CVVT system is designed. For better performance of the CVVT system, a cogging-torque reduction process was conducted. An analytical method, SHA, was used to design an initial model of the outer-rotor-type SPMSM with a concentrated winding. After analyzing the characteristics of the initial model, the cogging-torque value of the initial model was larger than the required standard. Therefore, an optimization method, RSM, was proposed to minimize the cogging torque. Two design factors (slot opening and eccentricity) were selected to reduce the cogging torque. Through RSM, the optimum values of the two design variables are selected. The performance of the optimum SPMSM was verified by FEA.
